Gene conversion is the unidirectional transfer of genetic sequence from a "donor" region 10 to an "acceptor". In non-allelic gene conversion (NAGC), the donor and the acceptor are 11 at distinct genetic loci. Despite the role NAGC plays in various genetic diseases and the 12 concerted evolution of many gene families, the parameters that govern NAGC are not well-13 characterized. Here, we survey duplicate gene families and identify converted tracts in 46% 14 of them. These conversions reflect a significant GC-bias of NAGC. We develop a population-15 genetic model that exploits information from a long evolutionary history and use it to estimate 16 the parameters that govern NAGC in humans: a mean conversion tract length of 250bp 17 and a probability of 2.5 × 10 −7 per generation for a nucleotide to be converted (an order 18 of magnitude higher than point mutations). Despite this seemingly high rate, we show that 19 NAGC has only a small average effect on the sequence divergence of duplicates. This work 20 improves our understanding of NAGC mechanism and the role that it plays in the evolution 21 of gene duplicates. 22 1 Background 23
: Non-allelic gene conversion (NAGC) alters divergence patterns. (A) NAGC can drive otherwise rare divergence patterns, like the sharing of alleles across paralogs but not orthologs. (B) An example of a local change in genealogy, caused by NAGC. (C) examples of divergence patterns in a small multigene family. Some divergence patterns-such as the one highlighted in purple-were both rare and spatially clustered. We hypothesized that underlying these changes are local changes in genealogy, caused by NAGC. (D) State of local genealogy (null by white, NAGC by purple tracts) inferred by our Hidden Markov Model (HMM) based on observed divergence patterns (stars) in two gene families. For simplicity, only the most informative patterns (purple and grey sites, as exemplified in panel C) are plotted.
Mapping recent NAGC events 97 We developed a Hidden Markov Model which exploits the fact that observed local changes 98 in divergence patterns may point to hidden local changes in the genealogy of a gene family 99 ( Fig 1B,C) . In our model, genealogy switches occur along the sequence at some rate; the 100 likelihood of a given divergence pattern at a site then depends only on its own genealogy 101 and nucleotide substitution rates (Methods) . We applied the model to a subset of the gene 102 families that we described above: families of four genes consisting of two duplicates in human Shaded regions show 95% confidence intervals. Black line shows the intronic average for human genes with no identified paralogs. (D) In purple sites (Fig. 1C) that are most likely to be a direct result of NAGC (right bar), AT→GC substitutions through NAGC are significantly more common than GC→AT substitutions. The left bar shows the estimated proportion of AT→GC substitutions through point mutations and AGC in unconverted regions, which we used to derive the expected proportion for unbiased NAGC (pink line) after accounting for their different GC content. and another primate-either chimpanzee or macaque. We required that the overall intronic to NAGC mean tract length), NAGC events affecting one site are likely to incorporate the 137 other ( Fig. 3A) . For each pair of sites in each intron in our data, we computed the like-138 lihood of the observed alleles in all available species, over a grid of NAGC rate and mean 139 tract length values. We then attained maximum composite likelihood estimates (MLE) over 140 all pairs of sites (ignoring the dependence between pairs). 141 We first estimated MLEs for each intron separately, and matched these estimates with 142 ds [33] in exons of the respective gene. We found that NAGC rate estimates decrease as 143 ds increases (Spearman p = 1 × 10 −5 , Fig. 3C ). This trend is likely due to a slowdown in 144 NAGC rate, or complete stop thereof, as the duplicates diverge in sequence. Since our model 145 assumes a constant NAGC rate, we concluded that the model would be most applicable to 146 lowly diverged genes and therefore limited our parameter estimation to introns with ds < 5%.
147
We define NAGC rate as the probability that a random nucleotide is converted per 148 basepair per generation. We estimate this rate to be 2.5 × 10 −7 ([0.8 × 10 −7 , 5.0 × 10 −7 ] 95% 149 nonparametric bootstrap CI, Fig. 3D ). This estimate accords with previous estimates based 150 on smaller sample sizes using polymorphism data [22, 38] and is an order of magnitude slower 151 than AGC rate [62, 16] . We simultaneously estimated a mean NAGC tract length of 250bp 152 ([63, 1000] nonparametric bootstrap CI)-consistent with estimates for AGC [26, 62] ) and 153 with a meta-analysis of many NAGC mutation accumulation experiments and NAGC-driven 154 diseases [38] .
155
Live fast, stay young? the effect of NAGC on neutral sequence divergence 156 We next consider the implications of our results on the divergence dynamics of orthologs post the correlated effect of NAGC on nearby sites (near with respect to the mean tract length). In this illustration, orange squares represent focal sites. Point substitutions are shown by the red points, and a converted tract is shown by the purple rectangle. (B) Illustration of a single datum on which we compute the full likelihood, composed of two sites in two duplicates across multiple species (except for the mouse outgroup for which only one ortholog exists). (C) Maximum composite likelihood (MLE) rate estimates for each intron (orange points). MLEs of zero are plotted at the bottom. Solid line shows a natural cubic spline fit. The rate decreases with sequence divergence (ds). We therefore only use lowly-diverged genes (ds ≤ 5%) to get point estimates of the baseline rate. (D) Composite likelihood estimates. The black point is centered at our point estimate for ds ≤ 5% genes. Blue points show non-parametric bootstrap estimates. The corresponding 95% marginal confidence intervals are shown by black lines.
Figure 4:
The effect of NAGC on the divergence of duplicates. The figure shows both data from human duplicate pairs and theoretical predictions of different NAGC models. The blue line shows expected divergence in the absence of NAGC, and the red line shows the expectation with NAGC acting continuously. The pink, orange and red lines show the mean sequence divergence for models in which NAGC initation is contingent on sequence similarity between the paralogs. The grey horizontal lines correspond to human duplicate pairs. The duplication time for each pair is inferred by examining the non-human species that carry orthologs for both of the human paralogs. Y-axis shows ps between the two human paralogs. model where NAGC acts at the constant rate that we estimated throughout the duplicates' 162 evolution ("continuous NAGC"). In this case, divergence is expected to plateau around 163 4.5%, and concerted evolution continues for a long time (red line in Fig. 4 ; in practice there 164 will eventually be an "escape" through a chance rapid accumulation of multiple mutations 165 [56, 14] ). However, NAGC is hypothesized to be contingent on high sequence similarity 166 between paralogs. 167 We therefore considered two alternative models of NAGC dynamics. First, a model in 168 which NAGC acts only while the sequence divergence between the paralogs is below some 169 threshold ("global threshold"). Second, a model in which the initiation of NAGC at a site is 170 contingent on perfect sequence homology at a short 400bp flanking region upstream to the 171 site ("local threshold", [27, 38, 9] ).
172
The local threshold model yielded a similar average trajectory to that in the absence of sequence, as compared to 5.7% in the absence of NAGC ( Fig. 4) .
178
Lastly, we asked what these results mean for the validity of molecular clocks for gene du-179 plicates. We examined the explanatory power of different theoretical models for synonymous 180 divergence in human duplicates. We wished to get an estimate of the age of duplication that 181 is independent of ds between the human duplicates; we therefore used the extent of sharing 182 of both paralogs in different species as a measure of the duplication time. For example, if 183 a duplicate pair was found in human, gorilla and orangutan-but only one ortholog was 184 found in macaque-we estimated that the duplication occurred at the time interval between 185 the human-macaque split and the human-orangutan split. Except for the continuous NAGC 186 model, all models displayed similar broad agreement with the data (Fig. 4) .
187
The small effect of NAGC on divergence levels is intuitive in retrospect: for identical 188 sequences, NAGC has no effect. Once differences start to accumulate, there is only a small 189 window of opportunity for NAGC to act before the paralogous sequences escape from its hold.
190
This suggests that neutral sequence divergence (e.g. ds) may be an appropriate molecular 191 clock even in the presence of NAGC (as also suggested by [12, 11, 32] ).
Discussion
In this work, we identify recently converted regions in humans and other primates, and 194 estimate the parameters that govern NAGC. Previously, it has been somewhat ambiguous 195 whether concerted evolution observations were due to natural selection, pervasive NAGC, or 196 a combination of the two [53, 36, 24] . Today, equipped with genomic data, we can revisit the 197 pervasiveness of concerted evolution; the data in Fig. 4 suggests that in humans, duplicates' 198 divergence levels are roughly as expected from the accumulation of point mutations alone.
199
When we plugged in our estimates for NAGC rate, most mechanistic models of NAGC also 200 predicted a small effect on neutral sequence divergence. This result suggests that neutral 201 sequence divergence may be an appropriate molecular clock even in the presence of NAGC.
202
One important topic left for future investigation is the variation of NAGC parameters.
203
Our model assumes constant action of NAGC through time and across the genome in order 204 to get a robust estimate of the mean parameters. However, substantial variation likely 205 exists across gene pairs due to factors such as recombination rate, genomic position, physical 206 distance between paralogs and sequence similarity.
207
Our estimates for the parameters that govern the mutational mechanism alone could 208 guide future studies of the forces guiding the evolution of gene duplicates. Together with 209 contemporary efforts to measure the effects of genomic factors on gene conversion, our results 210 may clarify the potential of NAGC to drive disease, improve our dating of molecular events 211 and further our understanding of the evolution of gene duplicates. between multiple members within the family, we focused our analyses on a set of 1,444 222 reciprocal best-matched protein-coding gene pairs in the human reference genome (build 223 37) identified by Lan and Pritchard [32] . We obtained the orthologs of these genes in four 224 other primates (chimpanzee, gorilla, orangutan, macaque) and in mouse from the same study 225 ( Table 1) . We required the orthologs to have at least 80% of the coding sequences aligned 226 and at least 50% of the coding sequences identical to the human genes. For both of the 227 inference methods that follow (one for the task of identifying converted tracts and the other 228 for estimating NAGC parameters) we applied further filtering on the input data. We used 229 the software MrBayes [20] to estimate gene family genealogies with the set of exons of our 230 genes as input (note that only here we used exonic sequences rather that intronic). In the 231 Hidden-Markov Model (HMM) used for identifying converted tracts, only gene families in 232 which the most probable genealogy supports a duplication prior to the split of the two focal 233 species (either human/chimpanzee or human/macaque) were kept. In the two-sites model 234 used for estimating NAGC parameters, we require only that the duplication happened after 235 the primates-mouse split.
Eilon Sharon, Doc Edge and Kelley Harris for helpful discussions and comments on the

236
Identifying converted regions using a Hidden Markov Model (HMM) 237 NAGC can change the local genealogy of gene families (Fig. 1B) . We designed an HMM 238 to identify genealogy changes underlying variation patterns in the gene family sequences. were included as input.
244
Although the application of the HMM are mostly standard, we briefly describe them 245 here for completeness. One noteworthy feature is that the parameters the HMM are not 246 the emission and transition probabilities themselves but instead parameters that determine 247 these probabilities through an evolutionary model. Another feature of note is the partial 248 sharing of parameters across introns and across gene families which we describe below.
249
Each intron consists of 4 orthologous sequences (two for each species). For each species, 250 each nucleotide can be in one of three hidden states: unconverted (00), converted using gene 251 1 as template (10), and converted using gene 2 as template (01). We assume that all NAGC 252 events involve only the two genes at hand and that one NAGC event at most occurred at 253 each nucleotide. The full state space for a nucleotide is a combination of the two independent 254 species-specific states. Therefore, the HMM has 9 hidden states, S={0000, 0010, 0001, 1000, length, l y . The parameters of the HMM are as follows:
258 π i , the probability of the first nucleotide of an intron being in state i. 259 ν, the probability of the t + 1 nucleotide being in a converted state (10 or 01) given that 260 the nucleotide t is in the unconverted state (00).
261
α, the probability of the t + 1 nucleotide being in a converted state (10 or 01) given that 262 nucleotide t + 1 is in a converted state (10 or 01). where Y q is the set of introns in gene q. The transition matrix for a single species is
and the full transition matrix (i.e., for the state space of two species) is derived by considering the independent evolution of orthologs following speciation, A = 0000 0010 0001 1000 1010 1001 0100 0110 0101
The alleles at the four homologous sites some nucleotide position t are assumed to derive Hmm.discnp [59] to estimate the parameters Θ.
E-step. We define, ξ y,t (i, j) as the probability of nucleotide t of intron y being in state i and nucleotide t + 1 being in state j, given the observed sequence O and model parameters Θ. The probability of nucleotide t in intron y being in state i given the parameters and the observations is
In the E-step we compute ξ q,t (i, j) i,j and γ y,t (i) i to derive the following key summary statistics:
is the expected number of transitions from state i to state j given the observed sequence O 292 and Θ, and 
304
The criterion of convergence for the EM algorithm is set to be 305 | log(P (O|Θ st+1 )) − log(P (O|Θ st )) log(P (O|Θ st )) | < 10 −5 .
Estimating GC bias in NAGC 306
To test whether NAGC is GC-biased, we used sites that are identical across paralogous genes 307 (within the same species) but different between the two species (purple sites in Fig. 1C ) that 308 were identified as converted using our HMM. The alleles in the unconverted species provide 309 information of the ancestral state of that site. For example, if a site is G in both genes in 310 the species in which NAGC occurred, and is A in the other species, then we estimate that 311 the site experienced an A/T→G/C conversion. We observed that f obs = 61% (51 out of 83) 312 of A/T↔G/C substitutions are in the A/T→G/C direction.
313
To evaluate the deviation of this proportion from that expected with no GC biased 314 NAGC, we estimated f 0 , the expected fraction of A/T→G/C substitutions out of A/T↔G/C 315 sites using unconverted regions. We looked at sites where only one out of the four genes 316 carries an allele different from the rest, the most parsimonious scenario is that only one sub- if NAGC is not GC-biased, the expected fraction of A/T→G/C out of A/T↔G/C "purple" 322 sites is
We tested the null hypothesis that NAGC is unbiased,
using the exact binomial test and found that these proportions are significantly different 324 (p = 0.001, Fig. 2D ).
325
Two-site model 326 Transition matrix 327 We consider the evolution of two biallelic sites in two duplicate genes as a discrete homoge-328 neous Markov Process. We describe these four sites with a 4-bit vector ("state vector"). The 329 state l A l B r A r B ∈ {0, 1} 4 corresponds to allele l A at the "left" site in copy A, allele l B at the 330 "left" site in copy B, allele r A at the "right" site in copy A and allele r B at the "right" site 331 in copy B. Note that the labels 0 and 1 are defined with respect to each site separately-the 332 state 0000 does not mean that the the left and right site necessarily have the same allele. We for two sites that are d bp apart. This transition can happen either through point mutation 339 at the right site of copy A, or by NAGC from copy A to copy B involving the left site but 340 not the right. The transition probability is therefore
where g(d) is the probability of a conversion event including one of the sites given that it 342 includes the other. Similarly, we can derive the full transition probability matrix P: 0000  0001  0010  0011  0100  0101  0110  0111  1000  1001  1010  1011  1100  1101 1110 1111 g(d) ) 0
Note that this parameterization ignores possible mutations to (third and fourth) unob-344 served alleles. 345 We next derive g(d). Following previous work [37], we model the tract length as geomet-346 rically distributed with mean λ. It follows that the probability of a conversion including one site conditional on it includes the other is
by the memorylessness of the geometric distribution. While elsewhere we assume that mu- 
where q(d) is the probability that the second derived allele remains linked during the fixation at the first site. We make a few simplifying assumptions in evaluating q(d): The fixation time is assumed to be 4N e generations where N e is the (constant) effective population size.
If at least one recombination event occurs, we approximate the probability of decoupling by the mean allele frequency of the first allele during fixation, 1 2 . Denoting the per bp per generation recombination rate by r, we get:
Plugging in r = 10 −8 [31] and N e = 10 4 , we found that the probability of decoupling is high only for distances d where g init is already very small. Consequently, difference between g init and g are small throughout ( Fig. 3-Figure Supplement 1) . We therefore use the approximation g ≈ g init in our implementation of this model.
Lastly, we turn to compute transition probabilities along evolutionary timescales. Each datum consists of state vectors (corresponding to two biallelic sites in two paralogs) encoding the alleles in the human reference genome and 1-4 other primate reference genomes. The mouse 2-bit state (two sites in one gene) will only be used to set a prior on the root of the tree (see separate section below). We assume a constant tree-namely, a constant topology and constant edge lengths {t ij } as defined in Fig. 3 - Figure Supplement 2 . We used estimates for primate split times from [48] , and assumed a constant generation time of 25 years. Each node corresponds to a state. We assume that-for both mutation types-substitution occurs at a rate equal to the mutation rate. Therefore, the transition probability matrix P * (edge ij)
for the edge between node i and node j is
Estimation in the two-site model the likelihood we must also set a prior on the state in the MRCA of all species with an 360 observed state ("data root"). We explain the choice of prior in a following section.
361
We compute the full log likelihood for each datum (a set of 4-bit states for 2-5 primates) 362 with transition probability matrices P * edge ij . To do so in a computationally efficient way, we apply Felsenstein's pruning algorithm [15] . We then compute the composite likelihood identify the parameter values that maximize the composite likelihood.
368
Setting a prior on the "data root"
369
In our two-site model described in the main text, we compute the full likelihood for each 370 datum (a set of observations in two sites in two duplicate genes, across several primates).
371
To compute this likelihood we need a prior on the state at what we have called "data prior", 372 i.e. the internal node corresponding to the MRCA of human and the most distant primate 373 relative of human for which we have two paralogs. Here, we describe how we set this prior. 374 We use the information that only one ortholog is found in mouse (and possibly some 375 of the primates). Namely, we assume that the duplication occurred on the internal branch 376 ending at the data root r and take it to be uniformly distributed along this internal branch 377 ( Fig. 3-Figure Supplement 3 ). We denote by T single the length of the branch between 378 the mouse node and the duplication event. The prior on the data root is set to be
where r ∈ {2, 3, 4} is the data root internal node (Fig. 3-Figure Supplement 3) , 380 π 0 := e 0000 is set to be the mouse gene state, π 0 denotes the transpose of π 0 , and P single is a transition 381 matrix corresponding to a single gene evolution without gene conversion, 
NAGC slowdown and synonymous sequence divergence 383 In Fig. 4 to the probability of identity of the two duplicates at a random site. The first entry is the probability that the paralogous sites are identical by state and the second entry is the probability that they are diverged. For each model j ∈ {1, 2, 3, 4}, the state v t at time t > 0
where v 0 = e 00 . divergence is lower than some threshold γ,
423
A 3 = 1{v t < γ}A 1 + 1{v t ≥ γ}A 2 .
model 4, local threshold: In this model, the evolution is a weighted mean of NAGC acting and not acting, where the weights are set by the probability that a random sequence of m sites are identical between the genes, given the mean sequence evolution v i−1 . This probability g(t) is set by
where we setm = 400 [9] . The transition matrix in this model is
424
A 4 = g(t)A 1 + (1 − g(t))A 2 . Figure 3 - Figure Supplement 1 : The probability of a NAGC mutation fixing at both sites, conditional on fixation in one of them. Shown is the probability as a function of the distance between focal sites for two mean tract lengths (λ) values. g denotes this probability when accounting for the possibility of decoupling of the sites through recombination, while g init ignores it. However, the differences between the two are very small and we therefore approximate g by g init . 
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